Defensive behaviors, such as withdrawing your hand to avoid potentially harmful approaching objects, rely on rapid sensorimotor transformations between visual and motor coordinates. We examined the reference frame for coding visual information about objects approaching the hand during motor preparation. Subjects performed a simple visuomanual task while a task-irrelevant distractor ball rapidly approached a location either near to or far from their hand. After the distractor ball appearance, single pulses of transcranial magnetic stimulation were delivered over the subject's primary motor cortex, eliciting motor evoked potentials (MEPs) in their responding hand. MEP amplitude was reduced when the ball approached near the responding hand, both when the hand was on the left and the right of the midline. Strikingly, this suppression occurred very early, at 70 -80 ms after ball appearance, and was not modified by visual fixation location. Furthermore, it was selective for approaching balls, since static visual distractors did not modulate MEP amplitude. Together with additional behavioral measurements, we provide converging evidence for automatic hand-centered coding of visual space in the human brain.
Introduction
In daily life, sensorimotor integration is required for the execution of a wide range of movements, each of which poses different computational challenges (Rizzolatti et al., 1998; Graziano, 2006) . Consider the ongoing processes of movement and response selection while you wash the dishes: although you might still attempt to catch a slippery glass as it is falling, at some point you must withdraw your hand to avoid injury.
The majority of human research on coordinate transformations for hand movements has studied goal-directed reaching and grasping (Crawford et al., 2004; Medendorp et al., 2005; Beurze et al., 2006; Fernandez-Ruiz et al., 2007; Brozzoli et al., 2009) , whereas the reference frames in which avoidance movements are coded have been relatively neglected. However, electrophysiological experiments in macaques in which three-dimensional stimuli were moved rapidly toward the monkey's body have revealed body part-centered representations of visual space . For example, certain neurons in the ventral and dorsal premotor cortex represent objects in hand-centered coordinates (Graziano et al., 1994 (Graziano et al., , 1997 Fogassi et al., 1996 Fogassi et al., , 1999 Graziano, 1999) and may be involved in the preparation and guidance of movements both toward and away from objects (as suggested by Rizzolatti, 1987; Maravita et al., 2003; Cooke and Graziano, 2004; Avillac et al., 2005) . Neuroimaging and neuropsychological studies have suggested the involvement of possibly homologous structures in the hand-centered coding of space in the human brain (di Pellegrino et al., 1997; Bremmer et al., 2001; Farnè et al., 2003 Farnè et al., , 2005 Makin et al., 2007; Quinlan and Culham, 2007) (for review, see Makin et al., 2008 ).
In the current study, we used an active motor task to determine the reference frame for coding the location of real, threedimensional objects approaching the hand. Subjects abducted their right index finger in response to a visual "go" signal and were simultaneously presented with a task-irrelevant distractor ball, rapidly approaching a location either near to or far from their responding hand.
To obtain an index of corticospinal excitability with which to assess the effects of rapidly approaching distractor stimuli, we used single pulse transcranial magnetic stimulation (TMS), applied to the left primary motor cortex, eliciting motor-evoked potentials (MEPs) in the subject's right hand. We hypothesized that the hand-centered coding of approaching visual stimuli should have, as one consequence, some modulatory effect on corticospinal excitability as a function of the distance of the approaching object from the hand (near vs far). We report that corticospinal excitability is indeed modulated in a hand-centered manner, while subjects are preparing to respond to the targets.
In a set of complementary experiments, we examined the relative contributions of visual fixation position and distractor type [approaching ball vs static light-emitting diode (LED)] to this hand-centered coding of space. We further examined the process of "proactive inhibition," the ability to inhibit in advance one movement to execute another (Koch et al., 2006; Mars et al., 2007; van den Hurk et al., 2007; van Elswijk et al., 2007) , in relation to the suppression of possible avoidance responses elicited by the approaching ball.
Materials and Methods

Subjects
A total of 23 healthy right-handed subjects participated in seven experiments (supplemental Table S1 , available at www.jneurosci.org as supplemental material). The subjects gave written, informed consent and were screened for contraindications to TMS. The experiments were conducted in accordance with the Declaration of Helsinki and were approved by the local ethical review board.
Data acquisition and apparatus
Physiological measurements. MEPs were recorded from the right first dorsal interosseus (FDI) muscle using three self-adhesive electrodes (Neuroline; Ambu) in a belly-to-tendon manner. EMG data were acquired using a BioPac system (BioPac Systems). EMG signals were sampled for 2 s at 2 kHz, amplified 1000 times, and bandpass filtered . At the end of each trial, trigger pulses were sent to allow automated identification of trials. Data were stored for off-line analysis (see below).
Transcranial magnetic stimulation. A Magstim Super Rapid stimulator and figure-of-eight, 70-mm-diameter TMS coil were used. The position and orientation of the TMS coil and the intensity of the single pulses was optimized for each subject to elicit reliable MEPs in the FDI, following standard procedures (Hallett, 2007) . Resting motor threshold (RMT) was defined as the minimum TMS intensity (in percentage of maximum stimulator output) required to elicit only 5 of 10 MEPs with peak-topeak amplitudes equal to or above 0.5 mV, while the subject's right hand was relaxed and placed on the right side of the workspace. We set this (relatively) high amplitude criterion for the RMT and stimulated at 110% of this RMT to elicit MEPs on virtually every trial and to allow detection of MEP suppression (Cantello et al., 2000) (supplemental Table S1 , available at www.jneurosci.org as supplemental material).
Visual stimuli. Two types of visual stimuli were used as distractors: balls and LEDs. The balls were 5-cm-diameter red foam spheres, mounted on the end of 55-cm-long aluminum rods (stimulus arms). The LEDs were 5 mm in diameter, green for the central go signal, and red for peripheral distractors/fixations and the central "stop" LED.
A custom apparatus controlled stimulus delivery (see Fig. 1 A) . Two stimulus arms were mounted on rotating wheels positioned opposite the subject and occluded from the subject's sight. After a cue, the experimenter released one of the stimulus arms from its vertical position, and the ball fell under gravity toward the workspace, entering the subject's field of view (see supplemental Videos 1, 2, available at www.jneurosci. org as supplemental material). The ball traversed ϳ37 cm in ϳ100 ms after becoming visible to the subject, having a mean velocity when visible of ϳ370 cm/s, and stopped with minimal bouncing ϳ3 cm above the workspace. The landing position of the ball was either directly above the middle finger of the subject's hand (near trials) or 30 cm laterally to the hand (far trials).
During their trajectories, the stimulus arms interrupted the beams of two lasers, triggering pulses from two detectors mounted on the apparatus. The second laser was positioned to intersect the stimulus arm at the point at which the distractor balls first became visible to the subject, thus providing a precise timing signal for distractor ball appearance. The first laser was positioned close to the start of the movement of the stimulus arms and was used in experiments in which a stop signal or peripheral visual cue was provided in advance of distractor ball appearance. The time taken for the stimulus arms to pass between the two laser beams was approximately constant, with a trial-to-trial timing range of Ͻ5 ms.
Additional apparatus. Two response buttons were firmly attached, with the button facing rightward, 20 cm to the left and 15 cm to the right of the visual midline, so that the middle finger of the subject's hand in both positions was ϳ17.5 cm from the midline. For experiments 2, 3, 4, 6, and S1, a small infrared camera was mounted 5 cm behind the central fixation LED, allowing the experimenter to monitor the subject's eye position. A large ventilator was placed under the workspace near the subject, providing constant background noise and airflow, minimizing any acoustic and airflow artifacts induced by stimulus delivery. In pilot experiments, blindfolded subjects were unable to determine the position of balls with respect to their hand.
Design and procedure
Because the seven experiments differed in several respects from each other, the general design and procedures are described here. For additional details, see Table 1 , supplemental material (available at www. jneurosci.org), and the individual section for each experiment in Results.
The two principal variables in every experiment were the position of the right hand (on the left or right of the workspace, in separate, counterbalanced blocks), and the position of the distractor stimulus (left or right of the workspace, pseudorandomized trial-by-trial). Additional variables for each experiment are detailed in Table 1 . Subjects performed a short (10 -20 trials) practice session before each experiment.
Trials began with the illumination of the central fixation LED, on which subjects fixated for the duration of the trial. To maintain subjects' attention during stimulation and to ensure that hand movement was task-relevant, subjects performed a speeded abduction of their right index finger, pushing a button in response to the target, which was a brief (130 ms) offset of the fixation LED. In trials with a distractor ball, the offset of the fixation was simultaneous with the appearance of the ball, triggered by the interruption of the second laser beam (see supplemental Videos 1, 2, available at www.jneurosci.org as supplemental material). Targets and distractors were presented 3-5 s after trial onset (see Fig. 1 B) . A single pulse of TMS was applied, at different time points (between 40 and 120 ms) after distractor appearance, over the hand area of the subject's left primary motor cortex. In trials with distractor LEDs, one of two LEDs, positioned underneath the endpoint of the trajectory of each ball was illuminated for 130 ms simultaneously with the go signal. On these trials, and on other trials without distractor balls, the timing of the go signal was determined by using the distribution of target delays with respect to trial onset from experiment 1. These had an approximately uniform rectangular distribution between 750 and 1500 ms.
Analysis
Data analysis was performed with custom software written in Matlab (available at http://www.neurobiography.info).
MEPs. The peak-to-peak MEP amplitude was determined automatically by finding the minimum and maximum values within a search window, starting ϳ20 ms and ending ϳ70 ms after TMS. In all cases, individual MEPs were visually inspected and rejected if they were contaminated with a voluntary contraction or large fluctuations in the baseline before the TMS pulse. MEP amplitudes Ͻ0.25 mV were discarded as being indistinguishable from baseline. A mean Ϯ SE of 10.5 Ϯ 2.1% of trials across experiments was discarded because of outlying reaction times (RTs) (Ͻ150 or Ͼ1500 ms), noisy EMG background, or the absence of MEPs.
To rule out the possibility that differences in MEP amplitude were attributable to differences in RT for near and far trials, we regressed out the effect of RT on MEP amplitude and report here only the corrected MEP amplitudes (additional data are provided in supplemental Tables S2 and S3, and supplemental material, available at www.jneurosci.org).
To correct for between-subject differences in baseline MEP amplitude (e.g., because of electrode placement or muscle size), peak-to-peak MEP amplitudes were standardized with respect to the mean MEP amplitude on no-ball trials (collapsing across hand positions), separately for each subject and TMS time point. In experiments in which a no-ball condition was not performed (experiments 1, 5, 6, and S1), the mean MEP amplitude across both near and far conditions was used for standardization purposes (supplemental Tables S2, S3 , available at www.jneurosci.org as supplemental material). The effects of these standardization procedures on the statistical significance of the reported results were minimal (supplemental Table S3 , available at www.jneurosci.org as supplemental material).
EMG. EMG data were rectified and the mean EMG baseline activity was compared statistically between experimental conditions, to verify that changes in the baseline EMG activity did not confound our results (supplemental Table S4 , available at www.jneurosci.org as supplemental material). We also extracted the onset of voluntary EMG activity, defined as the first point after MEP offset at which the mean EMG over the next 10 ms was Ն3.09 SD above baseline (Hodges and Bui, 1996) . These onsets were used to determine EMG "twitches" in experiment 5b.
Statistical analysis. We used separate two-tailed t tests, rather than omnibus ANOVAs, to test novel hypotheses (e.g., experiments 1, 4, 5, and S1) for two reasons: (1) Since MEPs were standardized for each TMS time point separately, pooling across near and far distractor conditions, there could not be a main effect of TMS time point; (2) in experiments without a separate baseline, data from near and far conditions were not independent. In these cases, the near data were compared against the null hypothesis of 1.0. In other cases, near and far conditions were compared directly. For experiments 2, 3, and 6, we tested one-tailed hypothesisdriven predictions concerning differences between the effects of near and far distractors, using t tests and planned comparisons. To protect against false positives, we used a Bonferroni correction for multiple comparisons. Throughout this manuscript, corrected p values are reported. In addition, we performed numerous bootstrapping and resampling procedures to construct null distributions for each of the critical reported comparisons. In every case, this bootstrapping procedure supported the inferences derived from the t tests, so we report only the standard parametric tests in this manuscript. The bootstrap statistics are presented in supplemental Table S6 (available at www.jneurosci.org as supplemental material). Additional details of the methods are available in supplemental material (available at www.jneurosci.org).
Results
Experiment 1: early hand-centered modulation of corticospinal excitability We first determined whether and when corticospinal excitability was modulated as a function of the distance of a rapidly approaching three-dimensional visual distractor ball with respect to the subject's hand (experiment 1). Subjects made a speeded right index finger abduction movement in response to a central go signal (the offset of the central fixation LED) while a distractor ball appeared, approaching the workspace on the left or right side ( Fig. 1 ; supplemental Videos 1, 2, available at www.jneurosci.org as supplemental material). On one-half of the trials within each block, and unpredictably, the distractor ball fell near to the subject's hand, and in the other one-half it fell far from their hand. The go signal was simultaneous with, and triggered by, the appearance of the distractor ball. The subjects were instructed to ignore the distractor stimuli and respond only to the target. We found no significant differences between near and far trials with respect to behavioral performance [supplemental Table S2 (available at www.jneurosci.org as supplemental material) shows RT, error, and dЈ data across all seven experiments].
For 10 subjects, TMS was applied at five time points (40 -120 ms, in 20 ms intervals) after the appearance of the distractor ball (Table 1 , experiment 1). This enabled us to measure corticospinal excitability over most of the interval between the appearance of the ball and the very earliest voluntary EMG responses.
Across all TMS time points, the mean MEP amplitude for trials with near distractor balls (standardized mean Ϯ SE amplitude, 0.973 Ϯ 0.011) was significantly lower than for trials with far distractor balls (1.027 Ϯ 0.011; t (9) ϭ 2.41; p ϭ 0.039). Considering each time point separately, the effect of distractor ball distance was significant only at 80 ms after distractor appearance [t (9) ϭ 4.08; p ϭ 0.014, comparing the mean of near distractor ball trials (mean Ϯ SE, 0.91 Ϯ 0.022) against 1.0, and after correcting for five comparisons] ( Fig. 2A ). For the other four time points, no significant effects were found, suggesting a return to baseline (i.e., no differences between near and far distractor balls) within 20 ms. Within the 80 ms TMS time point, when the hand was on the left of fixation, distractor balls appearing on the left resulted in smaller MEPs than distractor balls appearing on the right, and vice versa for the right hand position (interaction between distractor ball position and hand position; F (1,9) ϭ 16.63; p ϭ 0.003) (Fig. 2 B) . That is, balls approaching near the hand reduced corticospinal excitability compared with balls falling far away. These results demonstrate a significant modulation of corticospinal excitability at 80 ms after visual stimulation, which is consistent with a hand-centered coding of the approaching objects.
Experiment 2: hand-centered coding of approaching objects is independent of eye position We next examined whether corticospinal excitability during response preparation is also modulated by the distance of the distractor ball from the location of subjects' visual fixation, or rather is fixed predominantly in hand-centered coordinates, similarly to certain neuronal populations in macaque premotor and parietal cortices (Graziano et al., 1994 (Graziano et al., , 1997 Fogassi et al., 1996 Fogassi et al., , 1999 Graziano, 1999) .
With another group of 10 subjects, we repeated the experimental design described above, with some modifications (Table 1 , experiment 2). Rather than maintaining fixation centrally throughout the experiment, at the beginning of each trial, one of two fixation LEDs was illuminated, pseudorandomly either on the left or on the right side of the workspace, underneath the end of the left and right distractor ball trajectories, respectively. Thus, in one-half of the trials with a distractor ball, the ball appeared peripherally, on the opposite side to the visual fixation position, whereas in the remaining trials, the ball appeared parafoveally, on the same side as visual fixation. Based on the results of experiment 1 (i.e., a significant effect at 80 ms and a nonsignificant trend at earlier time points), two TMS time points were tested, at 70 and 80 ms after distractor ball appearance.
We predicted a significant reduction of corticospinal excitability when the distractor ball fell near to compared with far from the hand (i.e., in a hand-centered manner) and that this hand-centered representation would be found regardless of the distance of the distractor ball from the fixation position. We used one-tailed planned comparisons for these hypothesisdriven predictions.
A significant effect was found for the 70 ms TMS time point, in which, as predicted, and in accordance with the results of experiment 1, the mean MEP amplitude for near-hand distractor ball trials (mean Ϯ SE amplitude, 0.936 Ϯ 0.045) was significantly lower than for farhand distractor ball trials (1.013 Ϯ 0.034; F (1,9) ϭ 3.79; p ϭ 0.020) (Fig. 3) . There was also a weak (power, 0.259) and nonsignificant trend toward an effect of fixation position, with smaller MEPs for trials with distractor balls presented on the same side as visual fixation, compared with on the opposite side (0.954 Ϯ 0.042 vs 0.995 Ϯ 0.035, respectively; F (1,9) ϭ 2.35; p ϭ 0.080). Note that fixation position was manipulated orthogonally to hand position. There was no effect of distractor ball distance at the 80 ms time point, possibly indicating that the handcentered effect is maximal at 70 ms after visual presentation or that there is some variability between subjects (see experiment 6). These results suggest that, 70 ms after the presentation of a visual distractor, corticospinal excitability reflects the coding of visual objects primarily with re- Rapid modulation of corticospinal excitability by visual stimuli in hand-centered coordinates. A, Mean Ϯ SE peak-to-peak MEP amplitude for near (dark gray) and far (light gray) distractor balls across five TMS time points (40 -120 ms). Early after distractor onset (40 -80 ms), mean peak-to-peak MEP amplitude in trials with near distractor balls was lower compared with trials with far distractors, but this difference was significant only at the 80 ms time point (*p Ͻ 0.05). The near condition was tested against 1.0, and p values were corrected for five comparisons. B, Mean Ϯ SE peak-to-peak MEP amplitude for distractor balls presented to the left and right of fixation for the two hand positions separately, at the 80 ms time point. The difference between peak-to-peak MEP amplitudes for left and right distractor balls reversed when the position of the right hand shifted from left (filled circles) to right (open circles). This pattern was reflected in a significant interaction between hand position and distractor ball position. The asterisks denote statistical significance of the interaction between hand and ball positions, as evaluated with ANOVA (**p Ͻ 0.01).
spect to the distance from the hand and does so independently from any potential contribution of visual fixation position.
Experiment 3: near distractor balls suppress corticospinal excitability during response preparation
The first two experiments provided evidence for decreased corticospinal excitability after presentation of approaching visual distractor balls near to compared with far from subjects' hands. We hypothesized that this early reduction reflects the proactive inhibition of an undesirable response (Koch et al., 2006; Mars et al., 2007; van den Hurk et al., 2007; van Elswijk et al., 2007) , such as an avoidance movement elicited by the approaching ball. We therefore measured the effect of voluntary inhibition of the motor response at the time of distractor presentation (Coxon et al., 2006 (Coxon et al., , 2007 to examine whether this would suppress MEP amplitudes to a similar level as found with near distractor balls. Additionally, we included a no-distractor "baseline" condition to assess whether near balls decrease, or else far balls increase, corticospinal excitability. For this purpose, we repeated the basic design of experiment 1 with a different group of 10 subjects (Table 1, experiment 3). This time, 25% of the trials contained a central red stop signal, presented randomly 200 -300 ms before the go signal, instructing subjects to inhibit their response to the upcoming go signal. We also included trials (33%) in which no visual distractor was presented ("no-ball" control trials).
We predicted that a process of proactive inhibition by near distractor balls should result in the following: (1) lower MEP amplitudes for near trials at early TMS time points (70 -90 ms), compared with both far and with no-ball trials; (2) no differences for late TMS time points (100 -120 ms) between either near and far, or near and no-ball trials; and (3) no significant difference in MEP amplitudes on near distractor trials between go and stop conditions, for the early (70 -90 ms) TMS time points.
In the go trials when a distractor ball was presented, we again found a hand-centered reduction of MEP amplitudes, with a significant effect of distractor distance (near vs far), when averaged across the early TMS time points (70 -90 ms; near, 0.954 Ϯ 0.025; far, 1.011 Ϯ 0.016; t (9) ϭ 2.87; p ϭ 0.037, corrected for two comparisons) (Fig. 4) , but not across the late TMS time points (100 -120 ms; t (9) ϭ 1.75; p ϭ 0.226). Looking separately at the 70, 80, and 90 ms TMS time points, only at 70 ms were there significantly lower MEP amplitudes for near than far distractor trials (0.946 Ϯ 0.028 vs 1.036 Ϯ 0.038, respectively; t (9) ϭ 3.07; p ϭ 0.040, corrected for three comparisons). This confirms that the reduction of corticospinal excitability peaks at the 70 ms time point, and then diminishes, replicating the findings of experiment 2.
Furthermore, mean MEP amplitude for early TMS time points on trials with near distractor balls was significantly reduced compared with no-distractor control trials (t (9) ϭ 1.89; p ϭ 0.046, compared against 1.0), whereas MEPs for trials with far distractor balls were not significantly different from no-ball trials (Fig. 4) . These results show that MEP amplitudes were reduced for the near condition, and not enhanced for the far condition, extending the results of experiments 1 and 2.
Additional support for the early suppression of corticospinal excitability after near distractor balls is provided by comparison of MEP amplitudes between stop trials in which subjects were instructed to inhibit their motor responses before ball appearance, and go trials with either near or far distractor balls. For early TMS time points, mean MEP amplitudes on stop versus go trials with near distractor balls did not differ significantly (t (9) ϭ 0.54; corrected p ϭ 1, with a statistical power of 0.82, based on the effect size of the near vs far go conditions for the early TMS time points) (Fig. 4) . This was not the case when comparing MEP amplitudes between go and stop trials for far distractor balls (t (9) ϭ 2.85; p ϭ 0.038, corrected for two comparisons).
Finally, MEP amplitudes on stop trials were not significantly different between near and far distractor ball trials, either for the early or the late TMS time points (Fig. 4) . That is, after voluntary inhibition of motor responses, we did not detect any handcentered modulation of MEP amplitudes. We cannot, however, definitively rule out the possibility that hand-centered modulation may still exist in the stop trials but was not observed because of possible floor effects on MEP amplitudes.
Although these results do not allow conclusions regarding the precise mechanisms involved in these forms of inhibition, they do at least support the hypothesis that an inhibitory process is responsible for the decrease in corticospinal excitability after the appearance of the near ball.
The data presented thus far provide clear evidence for the suppression of corticospinal excitability after the presentation of rapidly approaching three-dimensional visual stimuli near to relative to far from the hand. Together, these results might best be Hand-centered modulation of corticospinal excitability by visual distractors is independent of eye position. Mean Ϯ SE peak-to-peak MEP amplitude with TMS delivered 70 ms after distractor ball appearance shows a significant effect of distractor ball distance relative to the hand (dark grays, near; light grays, far). MEP amplitudes were modulated primarily by the distance of the distractor balls from the hand and less, and independently, by the distance from visual fixation. The asterisk denotes statistical significance of planned comparisons using handcentered predictions (*p Ͻ 0.05). Figure 4 . Suppression of corticospinal excitability is found for distractor balls approaching the hand, but not for static LED flashes. Mean Ϯ SE peak-to-peak MEP amplitude for near (dark gray) and far (light gray) distractor balls (filled columns) and distractor LEDs (striped columns), pooled over the 70 -90 ms TMS time points. When subjects responded to the go signal, peakto-peak MEP amplitudes were significantly suppressed by distractor balls approaching near to compared with far from the hand, and also for near compared with control trials with no ball. No such suppression was found when distractor LEDs (positioned at the end of the trajectories of the balls) were illuminated instead of the approaching balls. When subjects voluntarily inhibited their motor responses after a stop signal, no significant difference was found between MEP amplitudes on near and far distractor trials, regardless of the distractor type. The asterisks denote statistical significance of t tests between near and no-ball (*p Ͻ 0.05), and near and far distractor ball trials (*p Ͻ 0.05, one-tailed corrected for two comparisons). n.s., Not significant. explained in terms of a form of response competition between the ongoing go task and a newly emerging motor plan, elicited by the approaching ball, possibly for an avoidance response. To examine this possibility further, we needed to establish that such effects were not evident when the distractor was not a rapidly approaching object.
Experiment 4: hand-centered coding of visual space is observed with approaching balls, but not static LED flashes
We next determined whether the hand-centered suppression that we identified after distractor ball presentation can be attributed merely to the sudden occurrence of visual events near the hand. We therefore repeated experiment 3 (with the additional stop trials) on a different group of 10 subjects (Table 1, experiment 4). This time, the moving distractor balls were replaced with static distractor LEDs, positioned beneath the endpoints of the trajectories of the balls. One of the distractor LEDs flashed for 130 ms, simultaneously with the central go signal, either near to or far from the responding hand. We predicted that corticospinal excitability would not be modulated by the static visual distractor LEDs. Specifically, we expected to find no reduction of MEP amplitudes after presentation of distractor LEDs near to relative to far from the hand.
Overall, the subjects' percentage correct performance in this experiment was similar to that of experiment 3 (98.2 Ϯ 0.6 vs 98.1 Ϯ 0.3% correct; dЈ ϭ 3.71 Ϯ 0.03 vs 3.79 Ϯ 0.06, respectively). No significant differences in performance were found with respect to the distance of the distractor LED from the hand, the trial type (go vs stop), or between the two experiments. Regarding the MEP amplitudes, as predicted, we found no difference between near and far distractor LED trials, both for early and late TMS time points (Fig. 4) . Furthermore, and contrary to the results of experiment 3, significantly smaller MEPs were found on stop compared with go trials with near distractor LEDs, specifically for early TMS time points (t (8) ϭ 3.47; p ϭ 0.017, one-tailed, corrected for two comparisons).
These results are similar to certain results from neurophysiological studies of bimodal neurons in premotor cortex, which showed visual selectivity for three-dimensional objects approaching toward and receding from the hand, and lower responses to static or two-dimensional visual stimuli (Graziano et al., 1997) .
Experiment 5a: behavioral indices show hand-centered response inhibition for approaching balls, but not for static LEDs
Additional support for the inhibition of motor responses in a hand-centered reference frame derives from behavioral error rates in a "go/stay" task. This experiment was conducted with a different group of 16 subjects (Table 1, experiment 5). In this experiment, on 50% of the trials the go signal did not appear. Subjects were instructed to respond as quickly as possible, only on go trials, and to withhold responses when the go signal was not presented ("stay"). A visual distractor, which was pseudorandomly either moving (a ball) or static (an LED), was presented on every trial, either near to or far from the responding hand. TMS pulses were applied to the motor cortex contralateral to the responding hand. The MEP data are reported in the following section (experiment 5b).
On go trials, performance with near distractor balls was significantly worse than on trials with far distractor balls (92.9 Ϯ 1.3 vs 97.3 Ϯ 1.0% correct, respectively; t (15) ϭ 3.02; p ϭ 0.017, two-tailed, corrected; dЈ ϭ 3.16 Ϯ 0.09 vs 3.51 Ϯ 0.07, respectively; t (15) ϭ 3.16; p ϭ 0.013, two-tailed, corrected for two comparisons). As presented in Figure 5A , when a ball approached the responding hand, subjects were more likely not to respond (i.e., there were more missed responses) than when the ball appeared far from the hand. The effects were similar for both left ( p ϭ 0.003) and right hand positions separately ( p ϭ 0.07). In contrast, performance with near and far distractors on stay trials did not differ significantly (96.0 Ϯ 1.1 vs 97.1 Ϯ 0.9%; dЈ ϭ 3.30 Ϯ 0.06 vs 3.35 Ϯ 0.12, respectively).
This hand-centered modulation of behavioral performance was also selective for approaching balls, compared with static flashing distractors. Overall, performance was nearly identical between trials with distractor balls (95.8 Ϯ 0.5% correct; dЈ ϭ 3.33 Ϯ 0.06) and LEDs (95.9 Ϯ 0.6% correct; dЈ ϭ 3.33 Ϯ 0.08). Contrary to what was found for balls, however, no differences were found between near and far distractor LEDs on go trials (Fig. 5B) .
These results converge with the MEP data obtained from experiment 4, which showed that the decrease in corticospinal excitability during response preparation is selective for a ball approaching the hand and is not merely attributable to sudden visual changes near the hand in the peripheral visual field. Since the ball and LED distractors differed in several respects (e.g., size, luminance), it is impossible at present to establish definitively which aspects are critical for driving the hand-centered suppression that we report here. However, we found no behavioral evidence (i.e., in RT, percentage correct, or dЈ measures) to suggest that the two distractor types varied in salience (which might be expected to affect behavioral performance) (see also supplemental Table S2 , available at www.jneurosci.org as supplemental material).
Experiment 5b: hand-centered enhancement of corticospinal excitability with response uncertainty We suggest that our results thus far may best be explained in terms of proactive inhibition during an action selection process: to perform the go task as rapidly and successfully as possible, any avoidance response evoked by the approaching ball needs to be inhibited. According to this account, if subjects were not able sufficiently to prepare a motor response before the appearance of the go signal, the effects of proactive inhibition would not be observed. To test this directly, we used the go/stay task in which, while a distractor appeared on every trial (either a ball or an LED), the go signal appeared on only 50% of the trials (as described above) (Table 1, experiment 5). In this way, we intro- . When the probability of responses on each trial was 0.5 (i.e., a go signal appeared in only one-half of the trials), subjects were prone to inhibit their response to the targets (i.e., to miss) with a concurrent near distractor ball. No such hand-centered modulation of performance was evident with static LED distractors. The asterisk denotes significance of the interaction between hand position and ball position (*p Ͻ 0.05, two-tailed corrected for two comparisons).
duced a substantial degree of response uncertainty, forcing subjects to adopt a more conservative response preparation strategy. Subjects were encouraged to perform the task quickly and to refrain from making errors, both misses and false alarms.
Two hypotheses were entertained: first, it is possible that, when no motor response is prepared, there should be no difference between MEP amplitudes on near and far trials, regardless of the visual distractor type (moving ball vs static LED) or response type (go vs stay). Second, in the absence of any preparation to push the response button, the avoidance movement elicited by the approaching ball would remain unchallenged by any competing responses. This might result in greater MEP amplitudes on near relative to far ball go trials. For this experiment, TMS was delivered 70 ms after the appearance of the distractor. Since this experiment was designed to test both a negative (i.e., no difference between near and far ball trials with response uncertainty) and a positive prediction (MEP enhancement with near vs far balls), we used a larger group of subjects (n ϭ 16; power ϭ 0.998, based on the near vs far effect size for the 80 ms TMS time point of experiment 1).
Contrary to the first hypothesis, and consistent with the second, the TMS results continued to support the notion of handcentered modulation of MEP amplitude for the go ball trials only. This was demonstrated by a significant effect of distance from the hand for the distractor balls (t (15) ϭ 2.58; p ϭ 0.042, two-tailed, corrected for two comparisons), but not for the LEDs. Furthermore, the MEPs were now larger for the near ball trials (1.044 Ϯ 0.019), compared with the far ball trials (0.992 Ϯ 0.022). No such trend was found for the stay trials. That is, with no advanced response preparation, MEP amplitude may now reflect the additional excitatory effects of the distractor ball approaching the hand (i.e., a potentially avoidance-related response), early in the process of response selection.
This interpretation is further supported when we focus, post hoc, on the trials in which subjects produced a voluntary EMG response (here called a muscle "twitch") (see supplemental material, available at www.jneurosci.org) after the MEP, compared with trials in which no twitch was produced. This analysis was performed regardless of MEP size, whether a response was required, or whether a button press was registered. Within these twitch trials, we found a significant increase of MEP amplitudes for near compared with far trials, and specifically for the distractor balls (t (15) ϭ 3.13; p ϭ 0.014, two-tailed, corrected for two comparisons) (Fig. 6 A) , but not for the LEDs. Importantly, this result did not depend on differences in EMG baseline activity before the MEP (supplemental Table S4 , available at www. jneurosci.org as supplemental material). By sharp contrast, on trials in which no voluntary EMG response occurred, there were no significant effects of distractor distance, either for balls or LEDs. This finding provides direct support for our interpretation of proactive inhibition during response selection: when competition between the avoidance and the go responses was eliminated or, at least, desynchronized, the hand-centered suppression of MEP amplitudes was reversed and became hand-centered enhancement, specifically on those trials in which the hand was most ready to respond.
Additional evidence for the enhancement of MEP amplitudes for "near" trials during response uncertainty is provided in experiment S1, reported in supplemental material (available at www.jneurosci.org). This experiment additionally demonstrates that any contribution of exogenous attentional orienting cannot be solely responsible for the hand-centered coding of approaching objects reported here.
Experiment 6: precise time course and muscle specificity of hand-centered coding of approaching objects An additional experiment was run to answer questions concerning the precise time course of the hand-centered modulation of corticospinal excitability. Specifically, across the replications of our basic finding, slight differences arose in latency between the 80 ms (experiments 1 and S1) and the 70 ms time points (experiments 2, 3, and 5b). We hypothesized that the hand-centered effect starts or peaks at ϳ70 ms and has a duration of ϳ10 -20 ms, perhaps with some intersubject variability in its time course. For this reason, the effect may also be seen at 80 ms after ball appearance.
To test this hypothesis, we repeated experiment 1 with a new group of six subjects, with several minor adjustments (see supplemental material, available at www.jneurosci.org). First, we used five TMS time points between 65 and 85 ms after ball appearance, in 5 ms intervals. Second, we recorded MEPs from both the FDI and the abductor digiti minimi (ADM) muscles. We hypothesized that the excitability of the ADM, which is not directly involved in the task-related index finger abduction response, should not be in competition with any responses elicited by the approaching ball, and therefore should not show handcentered suppression of MEP amplitudes, contrary to the FDI.
The mean MEP amplitudes across the high-resolution time course are presented in Figure 7 . As predicted, we observed the greatest effect of distractor ball position on MEP amplitudes at the 70 ms time point, in which MEP amplitudes were again significantly smaller for near (mean Ϯ SE, 0.862 Ϯ 0.053) compared with far trials (t (5) ϭ 2.64; p ϭ 0.023, comparing the mean of near distractor ball trials against 1, one-tailed). The mean MEP amplitude pooled across the 70, 75, and 80 ms time points was also significantly lower than one, suggesting that the effect endured for as long as 10 ms. The time course of the effect in individual subjects confirmed this suggestion, with each subject showing at least a 7% suppression of MEP amplitudes for near compared with far trials of at least two adjacent time points (i.e., of ϳ10 ms), typically at 70 -80 ms after ball appearance.
In the ADM, no significant differences were found between the near and far conditions at any of the five time points (all values of p Ն 0.49) nor did we observe any clear trends across the time course (supplemental Fig. S2 , available at www.jneurosci. org as supplemental material). This result should be interpreted Figure 6 . With response uncertainty, late muscle activation predicts hand-centered enhancement of MEP amplitude by approaching balls. Mean Ϯ SE peak-to-peak MEP amplitude for distractor ball trials in which a voluntary EMG activity onset (twitch) was recorded after the MEP (A) and for trials in which no late muscle activation was recorded (B). On the EMG twitch trials, near distractor balls elicited greater MEP amplitudes, compared with far distractor balls, both in the left and the right hand positions. Importantly, this was not the case for the left and right no twitch trials. The asterisks denote statistical significance of the interaction between hand position and ball position, as evaluated with ANOVA (**p Ͻ 0.01, corrected for two comparisons).
with some caution, however, given the relatively small number of subjects and the fact that MEPs were not elicited from one subject's ADM muscle. However, given that we found a significant effect in the FDI in the same group of subjects, even after excluding all the data of the subject without MEPs in the ADM ( p ϭ 0.039), this result further strengthens our interpretation of proactive inhibition during response selection at 70 -80 ms after distractor ball appearance.
Discussion
In the current study, we provide direct evidence for hand-centered coding of approaching visual stimuli during motor preparation. Such a coding was manifested in modulations of corticospinal excitability evoked by presenting three-dimensional visual distractors rapidly approaching subjects' hands. These hand-centered effects were repeatedly observed across independent experiments, occurred when the responding hand was positioned both on the left and on the right of the body midline (Figs. 2, 6, 7) , regardless of visual fixation position (Fig. 3) , and were dependent on motor response preparation. Furthermore, they did not occur for static distractors (Fig. 4) , suggesting that this hand-centered modulation may be specific for potentially aversive approaching distractors, although the latter point awaits confirmation by future studies.
The latency at which visual spatial information began selectively to influence corticospinal excitability was 70 ms after ball appearance, with an effective duration of as short as 10 ms. In this narrow time window, hand-centered processing of visual information had already occurred, even while the visual distractor ball was still falling toward the hand, highlighting the rapidity of the hand-centered coding of visual space identified here.
Proactive inhibition of avoidance movements during response selection
In our study, when a go response was required on every trial and the subjects were able to prepare the appropriate response (i.e., pushing the response button) in advance, a distractor ball approaching near the hand reduced corticospinal excitability at 70 -80 ms after ball appearance (experiments 1, 2, 3, and 6) 7) . This reduction may reflect the inhibition of an avoidancerelated motor plan, which automatically emerges only when the ball approaches the responding hand (experiment 3) (Fig. 4) . Indeed, flexible motor behavior requires the ability to inhibit one movement while concurrently executing another (i.e., selective inhibition) (Coxon et al., 2007) . Such inhibition can be effective to suppress undesirable movements not only after they have been initiated but also proactively before any EMG response is released (Boulinguez et al., 2008) .
Numerous TMS studies have shown suppression of MEP amplitude during instructed delay periods (foreperiods), which serves to hold back the premature execution of responses (Hasbroucq et al., 1997 (Hasbroucq et al., , 1999a Touge et al., 1998; Davranche et al., 2007) . Similarly, during response selection, MEP amplitudes are suppressed for the nonprepared effector and increased for the prepared response (Koch et al., 2006; van Elswijk et al., 2007) , but only when sufficient foreperiod information about the response was available to the subjects van den Hurk et al., 2007) . Likewise, in our study, the reduction of corticospinal excitability by the distractor was evoked only when both advance preparation was possible, and when an approaching, potentially aversive distractor was used. When response uncertainty was introduced, such that the go response could not confidently have been prepared in advance, and a temporal offset was therefore created between the taskrelated and the avoidance responses, corticospinal excitability was enhanced for active trials in which the ball approached near the responding hand (experiments 4 and S1) ( Fig. 6 ; supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). Conversely, for a muscle that did not participate in the preparation for the go response (i.e., the ADM), no handcentered modulation of corticospinal excitability was observed. In other words, when competition between the avoidance and go responses is eliminated (or temporally desynchronized), no suppression of the avoidance response is required, and an active component of the avoidance movement may be revealed in the MEP amplitude. Our results therefore indicate an interaction between the motor consequences of the rapid visual processing of objects approaching the hand and the voluntary task-related motor plans for that hand.
Mechanisms underlying rapid visual modulation of corticospinal excitability
Threat-induced freezing
The early onset of corticospinal modulations in the present study (70 -80 ms after the appearance of the ball) reflects the very rapid transformation of visuomotor information. One possible framework within which to interpret our results could be threat-induced startle or freezing responses. A recent functional magnetic resonance imaging study (Butler et al., 2007) reported decreased activity in bilateral primary motor cortex during periods in which subjects expected to receive painful stimuli (compared with a condition without pain expectation). Using TMS, Cantello et al. (2000) found a significant reduction of corticospinal excitability at 55-75 ms after the onset of unexpected, sudden, and very bright task-irrelevant light flashes. Similar results were reported after the presentation of electrical shocks (Maertens de Noordhout et al., 1992) or loud auditory stimuli (Furubayashi et al., 2000) . Pain-inducing stimulation to the hand also causes immediate (Urban et al., 2004) and long-lasting (Farina et al., 2001; Svensson et al., 2003) decreases of corticospinal excitability for distal arm muscles. Furthermore, MEPs were inhibited at later stages of processing (Ͼ1 s after stimulus presentation) when subjects passively viewed movies of painful simulation applied to specific muscles on a model (Avenanti et al., 2005) . It has been suggested that such inhibition may act as a sort of motor "decerebration," allowing the spinal motor system freely to develop protective responses after noxious stimulation (Farina et al., 2003) . Hand-centered modulation of corticospinal excitability by approaching balls: high-resolution time course. Mean Ϯ SE peak-to-peak MEP amplitude for near and far distractor balls across five TMS time points, at 5 ms temporal resolution (65-85 ms). The captions are as in Figure 2 . The asterisk denotes statistical significance of one-tailed t tests between the near condition and the null hypothesis of 1.0 (*p Ͻ 0.05).
We believe that the results described in the studies mentioned above do not directly correspond with our findings, and that pain-or startle-related inhibition cannot explain the results we report here, for two reasons. First, it cannot explain the reversal of the direction of hand-centered modulation when subjects could not confidently prepare a response in advance. Second, the time course of startle-related inhibition based on TMS studies (Cantello et al., 2000) just precedes the corticospinal modulations reported here, which are restricted to 70 -80 ms after distractor ball appearance. Furthermore, Cantello et al. (2000) did not provide (or search for) evidence for any hand-centered mechanisms, so any direct links with our results remain speculative. We therefore propose that, although fear-induced startle might play some role in the mechanism under investigation, our hand-centered modulation represents a later stage of selection between an appropriate avoidance/defensive response and the task-related response.
Cortical mechanisms
Numerous cortical areas have been shown to modulate corticospinal excitability and may therefore contribute to the results reported here. These include the primary somatosensory area (Avenanti et al., 2007) , posterior parietal areas, and the premotor cortex (for review, see O'Shea et al., 2008) . Cooke and Graziano (2003) studied macaque muscle activity during defensive movements evoked by aversive cutaneous stimulation. They distinguished between startle-related EMG activity occurring as early as ϳ20 -30 ms after stimulus onset and later muscle activity starting ϳ70 ms after stimulus onset [Cooke and Graziano (2003) , their Fig. 2C ]. Only the latter activity was spatially specific to the muscles involved in the defensive response. Very similar motor responses were evoked by electrical macrostimulation of bimodal regions of the premotor cortex (Graziano et al., 2002) . Indeed, M1 and the premotor cortex are densely interconnected, both in humans and in monkeys (Shimazu et al., 2004; Dum and Strick, 2005; Koch et al., 2006; O'Shea et al., 2007; Davare et al., 2008) . The modulation of MEP amplitude with respect to approaching balls that we report here may therefore reflect ongoing activity in the premotor cortex.
Some premotor neurons are active after visual stimulation at time periods similar to the ones we have described and are thought to encode the significance of visual cues for response selection (Cisek and Kalaska, 2005) . In humans, the premotor cortex has been shown to participate in the visuomotor transformations required to configure hand posture with respect to objects (Davare et al., 2006) . Furthermore, recent studies have shown a direct influence of premotor over primary motor cortex as early as 75 ms after a go signal (Koch et al., 2006; O'Shea et al., 2007) . Although any comparisons between data drawn from monkeys and humans, and using such different methods, should be made with caution, given the timing and the spatial specificity of the above responses with respect to visual events, these mechanisms fit very well with our results and suggest the involvement of human premotor areas with the hand-centered coding of visual space. Following Band and van Boxtel (1999) , we tentatively suggest that one source of the hand-centered modulation that we report may be the premotor cortex, the site of modulation may be the primary motor cortex, and the modulation is manifested by changes in MEP amplitudes (Band and van Boxtel, 1999) . Pruszynski et al. (2008) demonstrated rapid arm muscle responses that were sensitive to the direction and distance of visual targets at 95 ms after a go signal. This timing fits very well with our findings, assuming a 20 -25 ms conduction time between the primary motor cortex and the intrinsic hand muscles. Pruszynski and colleagues suggested that such rapid motor responses are capable of all the sophistication attributed to voluntary control, within the constraints of their limited processing time. Additional research is required to determine the precise neurophysiological mechanisms that might enable such rapid and sophisticated visuomotor spatial processing in the human brain.
Subcortical mechanisms
In monkeys, spinal interneurons have been shown to participate in the control of movement during preparation periods, displaying both excitatory changes in the same direction as the subsequent movement-related activity, and inhibitory changes that may reflect superimposed mechanisms suppressing muscular output (Prut and Fetz, 1999) . It is possible that the hand-centered modulation that we observed reflects such subcortical movement preparation, although it is important to note that, in our results, the critical movement selection processes occurred based on the position of the visual distractor ball relative to the responding hand, so any candidate subcortical source of the reported modulations of corticospinal excitability would have to have access to such information.
Hand-centered visual space and attention
In our experiments, both near and far balls were distractors; however, it is possible that near distractors were more salient than far distractors and that this somehow resulted in reduced levels of corticospinal excitability. Such differences in salience could have been the result of subjects covertly attending toward their responding hand, despite the instructions and the central visual task. We addressed these concerns in several experiments.
First, when the balls were substituted with LEDs positioned near and far from the hand, we found no significant handcentered modulations of corticospinal excitability (experiment 4) (Fig. 3) or of percentage correct performance (experiment 5) (Fig. 5) . Second, we manipulated subject's overt attention, by shifting their fixation between positions on the same or opposite side as the impending distractor ball (experiment 2). When shifting the fixation position with respect to the ball and hand positions, we found a small, but nonsignificant difference between balls approaching the same side, and balls approaching the opposite side of fixation (Fig. 3) . At the same time, however, the distance of the ball from the hand (manipulated orthogonally and independently from the distance from fixation) significantly modulated corticospinal excitability. Finally, we used a cueing paradigm to attract subjects' exogenous covert visuospatial attention toward versus away from the distractor ball, just before its appearance (experiment S1; supplemental Fig. S1 A; supplemental material, available at www.jneurosci.org). Again, this manipulation did not significantly modulate corticospinal excitability, while the distance of the distractor from the hand remained most effective (albeit marginally significantly), regardless of whether subjects' attention was cued toward or away from the hand (supplemental Fig. S1 B, available at www.jneurosci.org as supplemental material).
We therefore conclude that the role of overt and covert visuospatial attention in the results that we report here is marginal, or, at most, complementary, to the role of hand position. A rapid and automatic hand-centered response to potentially aversive approaching visual stimuli is a better description of our results as a whole.
